1. Introduction {#sec1}
===============

Severe acute respiratory syndrome coronavirus (SARS-CoV) is the causative agent of an emerging human infectious disease, severe acute respiratory syndrome (SARS) ([@bib18], [@bib41], [@bib54], [@bib59]) and is related to the Middle East respiratory syndrome (MERS-CoV). Infections from either virus are associated with high morbidity and mortality. Due to its high morbidity and mortality, SARS has evolved as an important global respiratory disease. Even in a situation of no new infections, SARS remains a potential major health hazard, as re-emerging epidemics may arise. The serious consequences posed by virulent emerging pathogens such as SARS-CoV and MERS-CoV to which our populations have little or no immunity was highlighted by SARS outbreak in 2002--2003. The principal containment strategy to date has emphasized rapid diagnosis and isolation of infected patients and to some extent contacts with those patients. However, in spite of enormous effects and funds expended, no agents have been approved for treating SARS-CoV or MERS-CoV.

SARS-CoV has posed a serious threat to the human population and still represents a challenge for antiviral drug development and administration ([@bib23], [@bib22]). Thus, numerous types of agents have been tested against SARS-CoV both *in vitro* and *in vivo* ([@bib9]). Notably, it has been shown that antibodies to the SARS-CoV spike protein block entry of the virus into cells ([@bib71]) and small peptides derived from the heptad repeat (HR) regions of SARS-CoV S protein have been shown to inhibit SARS-CoV infection by interfering with SARS-CoV fusion to target cells ([@bib11], [@bib28]). Additionally, the main protease of SARS-CoV, which is essential for the replication cycle of SARS-CoV, has been a key target for developing anti-SARS-CoV drugs ([@bib4], [@bib9], [@bib84]). Another approach that was explored for treating SARS-CoV infections was to evaluate RNA species as therapies. Thus, antisense ribonucleic acid (RNA) and RNA interference (RNAi) technologies have shown potential in treating some severe diseases including SARS-CoV infection ([@bib1], [@bib20], [@bib36], [@bib46]). Using siRNAs to inhibit SARS-CoV infection in Rhesus macaques, it was demonstrated that siRNAs were effective both prophylactically and therapeutically ([@bib12]). Another approach has been the use of drug combination. The combination of ribavirin and corticosteroids was the most frequently administered antiviral therapy used during the SARS outbreak ([@bib10], [@bib27], [@bib53], [@bib73], [@bib74]). However, ribavirin alone at nontoxic concentrations was found to have little *in vitro* activity against SARS-CoV ([@bib14]), although an improved clinical outcome was reported among SARS patients receiving early administration of Kaletra plus ribavirin and corticosteroids ([@bib72]). In several mouse models and *in vitro*, ribavirin was even found to enhance the SARS-CoV infection ([@bib7], [@bib8], [@bib16]). More recent data demonstrated that *Urtica dioica* agglutinin (UDA) treatment of SARS-CoV-infected mice lead to a substantial therapeutic effect that protected mice against death and weight loss that result from the infection ([@bib45]).

A class of "natural" molecules, interferons are considered as a first line of defense against viral infections in humans ([@bib33], [@bib34]). In earlier studies, we evaluated a few compounds approved for therapeutic use in humans and some *in vitro* inhibitors of SARS-CoV for inhibition in the mouse SARS-CoV replication model ([@bib7]). A hybrid interferon, interferon alpha (IFN-α) B/D, and a mismatched double-stranded (ds) RNA interferon inducer, Ampligen (poly I:poly C124), were shown to potently inhibit virus titers in the lungs of infected mice ([@bib7]). To evaluate the prophylactic potential of antivirals directed against SARS-CoV infection, new lethal animal models for SARS are needed to facilitate antiviral research. We adapted and characterized a new strain of SARS-CoV (strain v2163) that was highly lethal in 5- to 6-week-old BALB/c mice ([@bib16]). A number of compounds were tested for the efficacy in SARS-CoV-infected BALB/c mice ([@bib16]). The use of adenovirus vectored mouse interferon-alpha (mDEF201) as a prophylactic treatment and a therapeutic countermeasure for treating lethal SARS-CoV infection in BALB/c mice was very efficacious in protecting mice against death ([@bib44]). In other studies, treatment with an interferon inducer, polyriboinosinic-polyribocytidylic acid stabilized with poly-L-lysine and carboxymethyl cellulose (poly IC:LC), given by the intranasal route, was effective in protecting mice against a lethal infection with mouse-adapted SARS-CoV and reduced viral lung titers ([@bib42]). The active immunomodulator, poly IC:LC (Hiltonol^®^), was effective when therapy was initiated 24 h before infection or as late as 8 h after virus inoculation, at a time when clinical signs of SARS were being manifested in the BALB/c mice. In this report, we further evaluated the use of Hiltonol^®^ as an extended prophylactic or therapeutic countermeasure for treating lethal SARS-CoV infection in BALB/c mice caused by a mouse-adapted SARS-CoV. In addition, its value as a vaccine adjuvant was assessed.

2. Materials and methods {#sec2}
========================

2.1. Cells {#sec2.1}
----------

Vero 76 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA), and were routinely grown in minimal essential medium (MEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Thermo Fisher Scientific Co., Logan, UT). For *in vitro* antiviral assays, the serum was reduced to 2% FBS and gentamicin was added to the medium up to a final concentration of 50 μg/ml.

2.2. SARS-CoV Urbani strain and mouse-adapted SARS-CoV {#sec2.2}
------------------------------------------------------

SARS-CoV, strain Urbani (200300592), was obtained from Centers for Disease Control and Prevention (CDC, Atlanta, GA, USA). This strain was propagated and titrated in Vero 76 cells.

The mouse-adapted SARS-CoV strain has previously been described ([@bib16]). Briefly, the mice were infected with the Urbani strain. Three or five days after infection, the lungs were removed and homogenized and then used to re-infect a subsequent group of mice. This infection step was continued 25 times through BALB/c mice lungs. The virus was then plaque-purified 3 times and yielded a virus causing severe lung disease and mortality in infected mice. The virus was verified as SARS-CoV by enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR). All experiments involving infectious viruses were conducted in an approved biosafety level 3+ (BSL-3+) laboratory.

2.3. Test interferon inducer {#sec2.3}
----------------------------

The interferon inducer, polyriboinosinic-polyribocytidylic acid stabilized with poly-L-lysine and carboxymethyl cellulose Hiltonol^®^ (poly IC:LC) was obtained from Andres M. Salazar (Oncovir, Inc., Washington, DC 20008). Hiltonol^®^ was diluted in physiologically sterile saline (PSS) for *in vivo* experiments just before use. Ampligen^®^ was provided by Hemispherx Biopharma (Philadelphia, PA 19103).

2.4. Animals {#sec2.4}
------------

Specific pathogen-free female 16--20 g BALB/c mice were obtained from Charles River Laboratories (Wilmington, MA) for this study mainly. Female 16--18 g B6.129S2-Il6tm1Kopf/J and the parent strain C57BL/6J were obtained from Jackson Laboratories (Bar Harbor, Maine). Female 17--20 g C57BL/6J/10ScNJ and the parental strain mice C57BL/6J were obtained from Charles River Laboratories (Wilmington, MA). They were maintained on Wayne Lab Blox and fed with standard mouse chow and tap water *ad libitum*. All the mice were quarantined for 24 h prior to use. The animal studies were done in an approved bio-safety level 3+ animal facility. Personnel entering the facility wore powered air-purifying respirators (3M HEPA Air-Mate; 3M, Saint Paul, MN) and Tyvek body protection suits. Animal studies had been approved by Utah State University Animal Care Committee.

2.5. Experimental design {#sec2.5}
------------------------

The general experimental design is described below. The BALB/c mice were anesthetized with a 0.1 ml intraperitoneal injection of 20 mg/kg of Ketamine^®^ and the mouse-adapted SARS-CoV was administered intranasally (i.n.) in a volume of 0.05 ml. Groups of 10 mice were administered Hiltonol^®^ or vehicle placebo i.n. at selected times prior to challenge with 2.5 × 10^3^ PFU of mouse-adapted SARS-CoV. Ampligen was administered i.n. 24 h before virus exposure and 8 h after exposure to virus and served as a positive control for controlling the virus infection. Fifteen mice were treated i.n. with PSS at various times prior to virus exposure. Mice in this group represented the placebo controls. SARS-CoV-infected and mock-infected mice were weighed every day and clinical signs of disease were also observed and recorded daily. Animal deaths were recorded for up to 21 days post virus exposure. Following intranasal administration of SARS-CoV, five mice from each group were sacrificed on day 3 and 6 for lung score, lung weight and lung titer determinations. Animals that lost greater than 30% of their initial body weight were humanely euthanized by CO~2~ asphyxiation, and the day of euthanization was designated as the day of death due to infection.

2.6. Compound toxicity determination {#sec2.6}
------------------------------------

For Hiltonol^®^, a dose range finding experiment was carried out to determine the maximum tolerated concentration. Three mice were used per treatment group. Toxicity was evaluated in terms of weight change and adverse events. Mice were weighed every day from 24 h prior to virus infection to day 21 post virus exposure. Adverse events for which observations were made included ruffling of fur, lethargy, paralysis, incontinence, repetitive circular motion, and aggression.

2.7. Lung score/lung weight determinations {#sec2.7}
------------------------------------------

Samples from each mouse lung lobe were weighed and placed in a petri dish. Lungs were scored based on surface appearance of lungs. Lungs were then assigned a score ranging from 0 to 4, with 0 indicating that the lungs looked normal and 4 denoting that the entire surface area of the lungs was inflamed and exhibited plum colored lung discoloration ([@bib66]). Significant differences in lung scores were determined by Kruskal-Wallis test followed by Dunn\'s pairwise comparison post tests. One-way analysis of variance (ANOVA) was used to probe for significant differences in lung weights. Pairwise comparisons were made by Sidak\'s multiple comparison tests.

2.8. Lung virus titer determination {#sec2.8}
-----------------------------------

Lung virus titers were analyzed from mice sacrificed on day 3 and 6 post virus exposure. A lobe from each mouse lung was homogenized in MEM supplemented with 10% FBS and the tissue fragments were allowed to settle. The varying dilutions of the supernatant fluids were assayed in triplicate for infectious virus in Vero 76 cells by cytopathic effect (CPE) assay. The titers (50% tissue culture infectious dose, CCID~50~ values) were calculated using the Reed-Muench method ([@bib57]). Significant differences were detected by ANOVA. Pairwise comparisons were made by Sidak\'s multiple comparison tests.

2.9. Neutralizing antibody assay {#sec2.9}
--------------------------------

Sera were harvested by submandibular bleeding from surviving mice at day 7 and day14 after virus challenge. 7 μl aliquot of each serum sample was added to approximately 63 μl of MEM, mixed, then serially diluted by 1/2 to achieve 1/40 to 1/8192 dilutions in 96-well plates. Virus stock was diluted in MEM to approximately 200 CCID~50~ per 60 μl. Next 60 μl of virus was added to each well, the plates vibrated for approximately 1 min, and then incubated for 1 h at 37 °C for neutralization. 100 μl of the liquid from each well was then transferred to 96-well plates containing sub-confluent monolayers of Vero 76 cells, and 100 μl of MEM + 4% FBS was added to each well. Plates were sealed with tape, incubated for 5 days at 37 °C with 5% CO~2~, and scored for the presence or absence of virus cytopathic effect. Uninfected wells served as a negative cell control, and a serum sample with known anti-SARS antibody served as a positive control. Results were reported as the inverse of the greatest dilution where virus CPE was not detected.

2.10. Histopathology {#sec2.10}
--------------------

Group of mice infected as described previously were sacrificed on day 3 and either on 6 or 7 post virus exposure. The lungs from these mock-infected or infected mice were collected and formalin-fixed. The lungs from each group were sectioned and stained with H&E stain and evaluated by a board certified veterinary pathologist for histopathological changes.

2.11. Statistical analysis {#sec2.11}
--------------------------

Mice were weighed in groups prior to treatment and then every day thereafter to determine the average weight change for all animals in each treatment group. Weights were expressed as group averages for each day and evaluated by the two-way analysis of variance for significant differences among treatment groups followed by pairwise comparisons using Dunnett\'s multiple comparison tests.

Survival analysis was done using the Kaplan-Meier graphical method and a Logrank test. The analysis revealed significant differences among the treatment groups. Therefore, pairwise comparisons of survivor curves (PSS versus any treatment) were analyzed by the Gehan-Breslow-Wilcoxon pairwise comparisons test, and the relative significance was adjusted to a Bonferroni-corrected significance threshold for the number of treatment comparisons done. Mean day of death was calculated and analyzed by the Kruskal-Wallis test, followed by Dunn\'s post tests for evaluating the significant pairwise comparisons. Live numbers per total mice in a group differences were evaluated by contingency table analysis. Fisher\'s exact tests were used to make pairwise comparisons to placebo-treated mice.

3. Results {#sec3}
==========

3.1. Effects of Hiltonol^®^ on weight change of uninfected female BALB/c mice {#sec3.1}
-----------------------------------------------------------------------------

Most mice randomly assigned to the toxicity control groups gained weight at rates nearly equal to mice receiving PSS (data not shown). The mice treated with Hiltonol^®^ at 5.0 or 2.5 or 1.0 mg/kg/day were the groups to lose noticeable amounts of weight, which occurred at day 2. However, they regained the lost body weight after the nadir of weight loss at day 2. The mice in these groups managed to rapidly regain all lost weight by the end of the experiment. No other adverse events were observed for any of the toxicity control mice used in the experiment.

3.2. Evaluation various dosing regimens of Hiltonol^®^ in a lethal SARS-CoV infection in a BALB/c mouse model {#sec3.2}
-------------------------------------------------------------------------------------------------------------

In a previous study, BALB/c mice inoculated intranasally with mouse-adapted SARS-CoV, the infected mice died between 4 and 8 days, with 90--100% mortality rate achieved by day 8. The lungs were severely inflamed and exhibited extreme lung consolidation. The efficient viral replication was observed from day 3--6 in the lungs ([@bib16]). Virus titers often exceeded 10^6^/ml at peak replication during day 3--4. Weight loss was excessive. In the current study, group of 10 mice were administered Hiltonol^®^ or vehicle placebo i.n. at selected times prior to or after virus challenge with mouse-adapted SARS-CoV. Some mice received additional doses of Hiltonol^®^ after virus challenge. All doses and treatment regimens of Hiltonol^®^ significantly protected mice against a lethal infection of BALB/c mice exposed to SARS-CoV ([Fig. 1](#fig1){ref-type="fig"} A, *p* \< 0.0001; [Table 1](#tbl1){ref-type="table"} ). Only three mice died using Hiltonol^®^, one mouse at day 4 post virus exposure when dosed with 5 mg/kg/day once 24 h before infection, and one mouse at day 4 when receiving Hiltonol^®^ at 5 mg/kg/day dose given once 12 h after infection, and one mouse at day 11 when treated three times with a lower dose of Hiltonol^®^ (1 mg/kg/day 24 before, and at 24 and 48 h after infection). These treated, SARS-CoV-infected mice receiving the various Hiltonol^®^ dosing regimens were also significantly protected against weight loss due to virus infection ([Table 1](#tbl1){ref-type="table"}, *p* \< 0.05-*p*\<0.001) from days 0--3 post virus exposure when the greatest weight loss occurred in this mouse model.Fig. 1A. Effects of Hiltonol^®^ on survival of BALB/c mice with a lethal SARS-CoV infection. \*\*\**p* \< 0.001 versus PSS. The SARS-CoV-infected BALB/c mice were treated with PSS (●: −24 h, +24 h, +48 h); Hiltonol^®^ at 5 mg/kg/day (■: −24 h, +24 h, +48 h), (▲: −24 h, +8 h, +48 h), (▼: −16 h, +8 h, +24 h), (◆: +12 h), (○: −24 h); Hiltonol^®^ at 1.0 mg/kg/day (□: −24 h, +24 h, +48 h), (△: −24 h, +8 h, +24 h), (▽: −16 h, +8 h, +32 h), (◇: −24 h). B. Effects of various long-term dosing regimens of Hiltonol^®^ on survival of BALB/c mice with a lethal SARS-CoV infection. \*\*\*\**p* \< 0.0001 versus PSS. The SARS-CoV-infected BALB/c mice were treated with PSS (●: day −21), (○: day −14), (◇: day −7); Hiltonol^®^ (■: 2.5 mg/kg/day −21), (□: 2.5 mg/kg/day −14), (▼: 2.5 mg/kg/day −7); (▲: 0.75 mg/kg/day −21), (▽: 0.75 mg/kg/day −14), (△: 0.75 mg/kg/day −7). A second dose was given 24 h later. (♦) Ampligen^®^ 10 mg/kg/day (bid x 2 beg, 4 h).Fig. 1Table 1Effects of various dosing regimens of Hiltonol^®^ on a lethal SARS-CoV infection in a BALB/c mouse model.Table 1TreatmentsLive/totalMean day of death ± SDWeight loss from day 0 to day 3 (g)Average weight through day 18 (g) ± SDPSS (−24, +24, +48 h)0/104.2 ± 1.2\*\*\*2.515.9 ± 2.7Hiltonol^®^ 5 mg/kg/day (−24, +24, +48 h)10/10\>180.417.8 ± 0.5\*\*\*Hiltonol^®^ 5 mg/kg/day (−24, +8, +24 h)10/10\>180.717.7 ± 0.5\*\*\*Hiltonol^®^ 5 mg/kg/day (−16, +8, +32 h)10/10\>181.017.9 ± 0.7\*\*\*Hiltonol^®^ 5 mg/kg/day (−24 h)9/1042.716.7 ± 1.13\*Hiltonol^®^ 5 mg/kg/day (+12 h)9/1040.718.2 ± 0.5\*\*\*Hiltonol^®^ 1 mg/kg/day (−24, +24, +48 h)9/10111.117.4 ± 0.5\*Hiltonol^®^ 1 mg/kg/day (−24, +8, +24 h)10/10\>180.117.3 ± 0.6\*Hiltonol^®^ 1 mg/kg/day (−16, +8, +32 h)10/10\>180.517.3 ± 0.8\*Hiltonol^®^ 1 mg/kg/day (−24 h)10/10\>180.318.4 ± 0.2\*\*\*Hiltonol^®^ 0.5 mg/kg/day (−24, +24, +48 h)10/10\>180.217.6 ± 0.3\*Hiltonol^®^ 0.5 mg/kg/day (−24, +8, +24 h)10/10\>180.417.2 ± 0.3\*Hiltonol^®^ 0.5 mg/kg/day (−16, +8, +32 h)10/10\>180.317.3 ± 0.5\*Hiltonol^®^ 0.25 mg/kg/day (−24, +24, +48 h)10/10\>180.217.6 ± 0.4\*\*Hiltonol^®^ 0.25 mg/kg/day (−24, +8, +24 h)10/10\>180.017.5 ± 0.4\*\*Hiltonol^®^ 0.25 mg/kg/day (−16, +8, +32 h)10/10\>180.018.0 ± 0.4\*\*\*[^1]

3.3. Extended prophylaxis with Hiltonol^®^ protects SARS-CoV-infected BALB/c mice from mortality {#sec3.3}
------------------------------------------------------------------------------------------------

We also evaluated how far before the initial virus challenge time prophylactic dosing regimens would be efficacious in protecting mice from the lethal challenge with SARS-CoV. Groups of 20 mice were dosed with Hiltonol^®^ at 2.5 or 0.75 mg/kg by intranasal (i.n.) instillation on days 7, 14, or 21 before virus exposure. A second dose was given 24 h later. Hiltonol^®^ when administered at 2.5 mg/kg/day beginning at day 14 or 21 before virus exposure protected 90--100% of infected mice against death due to the virus infection ([Fig. 1](#fig1){ref-type="fig"}, *p* \< 0.0001). The only Hiltonol^®^ dosing regimen that was not very protective was when it was administered at 0.75 mg/kg, one time, 21 days prior to exposing mice to virus. Ampligen^®^ used at 10 mg/kg, significantly (*p* \< 0.0001), yet only protected 50% of the mice from death using the designated therapeutic treatment regimen. At the critical time of day 5 post virus exposure, when many mice began to die in the placebo treated groups, mice treated with Hiltonol^®^ at 2.5 mg/kg 14 or 21 days before infection seemed to be least susceptible to weight loss due to virus infection compared to the corresponding the placebo controls (data not shown). The placebo-treated mice usually died at day 3--4 ([Table 2](#tbl2){ref-type="table"} ), whereas mice treated with the higher dose of Hiltonol^®^ survived in significant numbers (*p* \< 0.001). It was also obvious that mice treated with lower dose of Hiltonol^®^ survived in significant numbers provided that Hiltonol^®^ was administered 14 or 7 days before virus infection. When administered at 0.75 mg/kg/day 21 days before virus infection, almost all treated mice in the Hiltonol^®^ group died with a mean day of death equivalent to the corresponding placebo control group ([Table 2](#tbl2){ref-type="table"}). Ampligen^®^ was given i.p. twice a day beginning 4 h before infection at 10 mg/kg. The mice receiving Ampligen^®^ were slightly yet significantly protected against death (50% survivors [Table 2](#tbl2){ref-type="table"}, *p* \< 0.05).Table 2Effects of various long-term dosing regimens of Hiltonol^®^ on survival of BALB/c mice with a lethal SARS-CoV infection.Table 2TreatmentDosing regimen (day prior to virus exposure)Survivors/totalMean day of death ± SDPSS210/104.4 ± 1.8Hiltonol^®^ (2.5 mg/kg/day)2110/10\*\*\*\>21\*\*\*Hiltonol^®^ (0.75 mg/kg/day)211/105.0 ± 0.9PSS140/103.8 ± 0.6Hiltonol^®^ (2.5 mg/kg/day)149/10\*\*\*5.0 ± 0.0Hiltonol^®^ (0.75 mg/kg/day)149/10\*\*\*4.0 ± 0.0PSS70/103.7 ± 0.5Hiltonol^®^ (2.5 mg/kg/day)710/10\*\*\*\>21\*\*\*Hiltonol^®^ (0.75 mg/kg/day)710/10\*\*\*\>21\*\*\*Ampligen^®^ (10 mg/kg/day)bid x 2, beg −4 h5/10\*5.8 ± 2.4[^2]

3.4. Effects of Hiltonol^®^ on lung scores, lung weights, and virus lung titers of female BALB/c mice infected with a lethal dose of mouse-adapted SARS-CoV at day 3 post virus exposure {#sec3.4}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Other parameters measured to determine the extent of the efficacy of the two prophylactic doses of Hiltonol^®^ included effects on gross lung pathology, lung weights, and virus lung titers. At day 3 after mice were exposed to virus, the 2.5 mg/kg dose of Hiltonol^®^ significantly ameliorated the extent of damage induced by the virus infection was observed on the surface of lungs of infected mice (*p* \< 0.05, [Table 3](#tbl3){ref-type="table"} ). There was little or no surface hemorrhaging observed. In addition, almost all mice treated with this dose of Hiltonol^®^, regardless of the time of administration, were protected to the same extent ([Table 3](#tbl3){ref-type="table"}). The treatment with the lower dose of Hiltonol^®^ led to similar results of less observable surface lung pathology, especially for mice treated with Hiltonol^®^ beginning at day 14 before virus exposure (*p* \< 0.05).Table 3Effects of various long-term dosing regimens of Hiltonol^®^ at day 3 post virus exposure on various lung parameters in BALB/c mice infected with SARS-CoV.Table 3TreatmentVirus titer (Log~10~CCID~50~/g) ± SDVirus Lung Score ± SDLung Weight (g) ± SDTreatment Day -21PSS6.11 ± 0.412.1 ± 0.50.28 ± 0.02Hiltonol^®^ (2.5 mg/kg/day)5.50 ± 0.390.3 ± 0.3\*0.21 ± 0.03\*Hiltonol^®^ (0.75 mg/kg/day)5.58 ± 0.300.4 ± 0.50.31 ± 0.03Treatment Day −14PSS5.76 ± 0.433.7 ± 0.30.34 ± 0.03Hiltonol^®^ (2.5 mg/kg/day)4.95 ± 0.56\*\*0.0 ± 0.0\*0.20 ± 0.02\*\*Hiltonol^®^ (0.75 mg/kg/day)6.04 ± 0.380.5 ± 0.0\*0.24 ± 0.04Treatment Day -7PSS5.94 ± 0.343.4 ± 1.00.34 ± 0.05Hiltonol^®^ (2.5 mg/kg/day)5.58 ± 0.650.0 ± 0.0\*0.22 ± 0.02\*Hiltonol^®^ (0.75 mg/kg/day)6.05 ± 0.270.4 ± 0.40.21 ± 0.04\*\*Ampligen^®^ (10 mg/kg/day) bid x 2, beg −4 h6.49 ± 0.311.2 ± 1.40.26 ± 0.1[^3]

Another indicator of the extent of an inflammatory response in the lungs is edema. Edema can be indirectly measured by evaluating the weight of an infected lung. At day 3 of the virus infection, dosing with the 2.5 mg/kg of Hiltonol^®^ using any treatment regimen significantly prevented an increase in lung weights of treated mice, a manifestation of edema ([Table 3](#tbl3){ref-type="table"}, *p* \< 0.05-*p*\<0.01). However, the efficacy of repression edema was much less pronounced in mice receiving the 0.75 mg/kg dose of Hiltonol^®^. Ampligen^®^ treatment resulted in a similar efficacy profile in preventing edema as was seen with mice dosed with Hiltonol^®^ at 0.75 mg/kg. Did this apparent moderation of the inflammatory response both in the lungs and on the surface of the lungs due correlate with a reduction of virus replication in the lungs of infected mice, the presence of virus protein the likely culprit for inducing edema? In general, virus lung titers at day 3 after inoculation with virus were almost 0.5 log~10~ lower or more in mice treated with 2.5 mg/kg Hiltonol^®^ compared to the placebo-treated control ([Table 3](#tbl3){ref-type="table"}). However, only the virus lungs titers of mice treated with 2.5 mg/kg Hiltonol^®^ 14 days before infection were significantly reduced compared to the virus titers of mice receiving PSS. They were reduced by almost one log10 compared to the placebo treated mice ([Table 3](#tbl3){ref-type="table"}). None of the other treatments, including Ampligen^®^, achieved such a reduction in virus lung titer.

3.5. Effects of various long-term dosing regimens of Hiltonol^®^ on neutralizing antibody titers of BALB/c mice at day 7 and 14 post challenge with a lethal dose of SARS-CoV {#sec3.5}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

It is conceivable that an immune modulator such as an interferon inducer could suppress normal adaptive immune responses such as the formation of neutralizing antibody. The effects of Hiltonol^®^ treatment on immune responsiveness were also investigated by analyzing the neutralizing antibody levels to the virus 7 and 14 days after virus challenge. Sera from all groups of mice used in the long term prophylaxis experiment were analyzed for neutralizing antibody ([Fig. 2](#fig2){ref-type="fig"} A and B). The data suggest that the mice treated with the high dose of Hiltonol^®^ could still mount a robust virus neutralization response, even though the drug did significantly reduce virus lung titers in only one case. In fact, mice receiving pretreatment with Hiltonol^®^ beginning at day 21 and day 14 before virus challenge had significant higher neutralizing antibody titers than did the corresponding placebo-treated mice ([Fig. 2](#fig2){ref-type="fig"}A; *p* \< 0.001, *p* \< 0.0001; respectively). The neutralizing antibody titers remained equivalently high or higher at day 14 post virus challenge ([Fig. 2](#fig2){ref-type="fig"}B). Interestingly, the group of mice receiving the lowest dose of Hiltonol^®^ appeared to have the higher neutralizing antibody titers at day 14 than at day 7. One could speculate that this observation was driven by the fact that virus titers were higher in these mice. Treatment of mice with low dose Hiltonol^®^ and Ampligen^®^ also showed similar results. This would suggest that this dose of Hiltonol^®^ did not adversely affect the adaptive immune response.Fig. 2Effects of various long-term dosing regimens of Hiltonol^®^ on neutralizing antibody titers of BALB/c mice at day 7 (A) and 14 (B) post virus challenge with a lethal dose of SARS-CoV. \*\**p* \< 0.01 versus PSS (day −14), \*\*\**p* \< 0.001 versus Hiltonol^®^ 2.5 mg/kg (day −14) or Hiltonol^®^ 0.75 mg/kg (day −7). The SARS-CoV-infected BALB/c mice were treated with PSS (●: day −21), (○: day −14), (◇: day −7); Hiltonol^®^ (■: 2.5 mg/kg/day −21), (□: 2.5 mg/kg/day −14), (▼: 2.5 mg/kg/day −7); (▲: 0.75 mg/kg/day −21), (▽: 0.75 mg/kg/day −14), (△: 0.75 mg/kg/day −7), (♦) Ampligen^®^ 10 mg/kg/day (bid x 2 beg, 4 h).Fig. 2

3.6. Histopathology {#sec3.6}
-------------------

In general, lungs infected with SARS-CoV should show acute to subacute alveolitis with some perivascular edema in some sections. Lungs of mice inoculated with SARS-CoV showed no significant changes, and mock-infected controls showed no marked changes except moderate rims of lymphocytes surrounding scattered vessels ([Fig. 3](#fig3){ref-type="fig"} ). Also, the pathological changes were not observed in the SARS-CoV-infected, Hiltonol^®^-treated lungs ([Fig. 3](#fig3){ref-type="fig"}). However, significant pathological differences in the distribution of inflammatory cells between the SARS-CoV-infected and the mock-infected lungs were not observed. Three SARS-CoV-infected, Hiltonol^®^-treated lung samples (2.5 mg/kg 7 days before virus exposure) were evaluated for pathological change on day 6 after inoculation. In Ampligen^®^-treated mice, the positive control-treated group, the infection was very limited with little or no evidence of an inflammatory response in the lungs from the mouse that was observed, although there was a tremendous amount of erythrocyte infiltration in the air spaces ([Fig. 3](#fig3){ref-type="fig"}f).Fig. 3Histological slides show representative lung pathology. (a). SARS-CoV-infected, Hiltonol^®^-treated lung with small numbers of neutrophils within groups of alveoli and moderate rims of lymphocytes surrounding scattered vessels. (b). SARS-CoV-infected, Hiltonol^®^-treated lung with moderate rims of lymphocytes surrounding scattered vessels. (c). SARS-CoV-infected, Hiltonol^®^-treated lung with clusters of alveolar macrophages and neutrophils filled small groups of alveoli. (d). Un-infected, Hiltonol^®^-treated lung with moderate rims of lymphocytes surround scattered vessels. (e). SARS-CoV-infected, Ampligen^®^-treated lung with approximately 80% airspaces contain erythrocytes. (f). SARS-CoV-infected, PSS-treated lung with small number of alveolar macrophages and fewer neutrophils within alveoli.Fig. 3

3.7. SARS-CoV-infected mice were protected against death when Hiltonol^®^ was administered 8 h after infection {#sec3.7}
--------------------------------------------------------------------------------------------------------------

The efficacy of Hiltonol^®^ (5 mg/kg/day) as a treatment for SARS-CoV infection was evaluated with Hiltonol^®^ at 8, 16, 24, 32, 48 or 72 h post virus challenge. Survival and weights were monitored daily for at least 14 days. Hiltonol^®^ given at 5 mg/kg/day resulted in 90% survival of treated, infected mice when administered 8 h post virus challenge, at a time when clinical signs of SARS are starting to be manifested in the untreated BALB/c mice (*p* \< 0.001, [Table 4](#tbl4){ref-type="table"} ). In addition, treatment with Hiltonol^®^ at 5 mg/kg/day by intranasal route resulted in 100% survival when it was given twice, 8 and then 24 h post virus exposure ([Table 4](#tbl4){ref-type="table"}, *p* \< 0.001). These data suggest that Hiltonol^®^ treatment of SARS-CoV infection in mice leads to substantial therapeutic effect that protects mice against death only when administered within 8 h after virus exposure or when using a therapeutic multiple dosing regimen. Hiltonol^®^ given one time at 5 mg/kg/day was not protective against death when treatment was at 32, 48 or 72 h after SARS-CoV infection ([Table 4](#tbl4){ref-type="table"}). When Hiltonol^®^ was administered intranasally 16 or 24 h post virus challenge, the data showed partial survival ([Table 4](#tbl4){ref-type="table"}). In another subsequent therapeutic experiment, Hiltonol^®^ was administered intranasally 16 and 24 h post virus exposure. At day 6, 60% of mice receiving Hiltonol^®^ 16 and 24 h after exposure to virus were still alive compared with the other therapeutic regimens in which all were dead or only one mouse had survived (data not shown). This data suggest that treatment beginning 16 h after virus exposure might temporarily prolong survival, but that the pathogenesis caused by the virus finally overwhelms the mice.Table 4Effects of various long-term dosing regimens of Hiltonol^®^ on death of BALB/c mice infected with a lethal dose of SARS-CoV post virus exposure.Table 4TreatmentDosing regimen (hour post virus exposure)Live/totalMean day of deathPSS−24, + 24, +48, 72 h1/106.0Hiltonol^®^ (5 mg/kg/day)+8 h9/10\*\*\*UndefinedHiltonol^®^ (5 mg/kg/day)+16 h4/106.5Hiltonol^®^ (5 mg/kg/day)+24 h3/106.0Hiltonol^®^ (5 mg/kg/day)+32 h1/104.0Hiltonol^®^ (5 mg/kg/day)+48 h0/105.0Hiltonol^®^ (5 mg/kg/day)+72 h0/106.0Hiltonol^®^ (5 mg/kg/day)+8, + 24 h10/10\*\*\*UndefinedHiltonol^®^ (5 mg/kg/day)−24, +8, +32 h10/10\*\*\*Undefined[^4]

3.8. Evaluating therapeutic dosing regimens of treating SARS-CoV infection in interleukin 6 knockout (IL-6 -/-) mice with Hiltonol^®^ {#sec3.8}
-------------------------------------------------------------------------------------------------------------------------------------

Interleukin 6 (IL-6) is a multifunctional cytokine that regulates the immune response, hematopoiesis, the acute phase response, and inflammation ([@bib26]). We have previously reported that IL-6 levels were increased in SARS-CoV-infected mice, and high IL-6 expression was associated with mortality ([@bib16]). Therefore, we evaluated the effects of virus infection in mice deficient in IL-6 (B6.129S2-IL6tmlKopf/J). Since these IL-6 mutant mice show defects in responses to various viruses and in inflammatory responses to infection, we hypothesized that mortality and disease parameters might be reduced in IL-6 -/- mice infected with SARS-CoV because increased IL-6 levels contributed greatly to the lethality of the infection in normal mice ([@bib16]). This hypothesis assumed that IL-6 production was a major source of lung disease in SARS-CoV-infected mice. When both SARS-CoV-infected mice (C57BL/6J, IL-6 +/+ and B6.129S2-IL6tm1Kopf/J, IL-6 -/-) were treated with Hiltonol^®^ at 1.0 mg/kg/day, the typical depression of weight gain by Hiltonol^®^ treatment was observed at days 3--4, although it was significantly more severe in the B6.129S2-IL6tm1Kopf/J mice (IL-6 -/-) (data not shown). However, the surviving mice gained back the lost weight by the end of the experiment. Hiltonol^®^ did not significantly protect mice from death in either strain of mouse compared to the placebo-treated mice of both strains ([Table 5](#tbl5){ref-type="table"} ) and IL-6 -/- mice still supported virus lung replication. In addition, the mean day of death was the same for all groups. However, the virus lung titers in these mice were significantly reduced at day 3 post virus exposure ([Table 6](#tbl6){ref-type="table"} , *p* \< 0.001). All IL-6 -/- mice had significantly highly virus titers than did the normal C57BL/6J mice ([Table 6](#tbl6){ref-type="table"}, *p* \< 0.001), suggesting that IL-6 was necessary to control virus replication in the lungs. Interestingly, at day 6, Hiltonol^®^-treated IL-6 -/- mice had significantly increased virus lung titers compared to untreated, infected IL-6 +/+ mice ([Table 6](#tbl6){ref-type="table"}, *p* \< 0.001). In addition, the virus infection of the lungs likely induced a significant yet slight inflammatory response in untreated, infected IL-6 -/- mice (*p* \< 0.05), as measured by the increase in lung score but there was no induction of edema in these mice as can be seen by the normal lung weights ([Table 6](#tbl6){ref-type="table"}). The inability to significantly control virus replication may be one of reasons why IL-6 -/- mice were not protected against death. Thus, virus cytopathic effects may have sufficiently destroyed enough lung cells to contribute to poor lung function that may have lead to death for mice that succumbed because of the virus infection. Our data suggest that these mice (57BL/6J mice, B6.129S2-Il6tm1Kopf/J mice, IL-6 -/-) lack a pathway with which Hiltonol^®^ interacts to prevent lethal SARS-CoV infection in mice.Table 5Effects of Hiltonol^®^ on the death of C57BL/6J and B6.129S2-IL6m1kopf/J mice infected with a lethal dose of mouse-adapted SARS-CoV.Table 5TreatmentDosing regimen (hour post virus exposure)Live/totalMean day of deathPSS C57BL/6J−24, +8, +32 h8/204.8 ± 2.3Hiltonol^®^ C57BL/6J−24, +8, +32 h7/204.6 ± 2.2PSS B6.129S2-IL6tm1Kopf/J−24, +8, +32 h4/104.5 ± 2.3Hiltonol^®^ B6.129S2-IL6tm1Kopf/J−24, +8, +32 h4/104.8 ± 1.7[^5]Table 6Effects of Hiltonol^®^ on various lung parameters measured in IL-6 knockout mice (IL-6 -/-) mice infected with mouse adapted SARS-CoV.Table 6TreatmentVirus titer (Log~10~ CCID~50~/g) ± SDVisual lung score ± SDLung weight (g) ± SDDay 3PSS C57BL/6J6.27 ± 0.070.0 ± 0.00.32 ± 0.35\*Hiltonol^®^ (1 mg/kg/) C57BL/6J4.31 ± 0.09\*\*\*0.0 ± 0.00.12 ± 0.02PSS B6.129S2-IL6tm1Kopf/j6.75 ± 0.120.3 ± 0.3\*0.06 ± 0.01Hiltonol^®^ (1 mg/kg/) B6.129S2-IL6tm1Kopf/j5.02 ± 0.15\*\*\*0.0 ± 0.00.09 ± 0.02Day 6PSS C57BL/6J3.51 ± 0.090.0 ± 0.00.12 ± 0.05Hiltonol^®^ (1 mg/kg/) C57BL/6J4.94 ± 0.02\*\*\*0.0 ± 0.00.12 ± 0.02PSS B6. 129S2-IL6tm1Kopf/j4.65 ± 0.120.3 ± 0.40.11 ± 0.01Hiltonol^®^ (1 mg/kg/) B6.129S2-IL6tm1Kopf/j5.36 ± 0.00\*\*\*0.0 ± 0.00.09 ± 0.00[^6]

3.9. Evaluation of a therapeutic dosing regimen of Hiltonol^®^ for treating SARS-CoV infections in toll-like receptor 4 (TLR-4) knockout mice {#sec3.9}
---------------------------------------------------------------------------------------------------------------------------------------------

Khanolkar et al. reported that C3H/HeJ mice harboring a natural mutation in the gene that encodes Toll-like receptor 4 (TLR4) that disrupts its normal function exhibited the enhanced morbidity and mortality following i.n. mouse hepatitis virus strain 1 (MHV-1) infection, indicating that TLR-4 plays an important role in respiratory CoV pathogenesis ([@bib39]). In the current study, we hypothesized that intranasal infection of TLR4 -/- mice with mouse-adapted SARS-CoV would result in an acute respiratory disease with a higher lethality. When both strains (C57BL/6J and C57BL/6J/10ScNJ TLR-4 -/- mice) were infected with SARS-CoV and treated with Hiltonol^®^, infected, untreated C57BL/6J mice lost weight, but onset of weight loss was delayed relative to Hiltonol^®^-treated, infected mice (data not shown). An exception was the one C57BL/6J/10ScNJ TLR-4 -/- mouse that died at day 5 post virus exposure. Despite not inducing death of these strains of mice, the virus was able to replicate quite rigorously in the lungs of C57BL/6J mice ([Table 7](#tbl7){ref-type="table"} ) as previously seen in other mice ([Table 6](#tbl6){ref-type="table"}). Yet the virus induced no significant inflammatory response, as manifested by lack of increased lung scores and lack of induction of edema manifested as normal lung weights ([Table 7](#tbl7){ref-type="table"}). Nevertheless, virus lung titers were dramatically reduced in both strains of mice treated with Hiltonol^®^ (*p* \< 0.001), but more so in the C57BL/6J/10ScNJ TLR-4 -/- mice, especially at day 6. In addition, the C57BL/6J/10ScNJ mice were less suitable hosts for prolonged lung virus replication than the C57BL/6J mice, because virus lung titers at day 6 in C57BL/6J/10ScNJ TLR-4 -/- mice were significantly lower than in C57BL/6J mice (*p* \< 0.01). These data indicated that Hiltonol^®^ action appeared to be independent of the TLR-4 locus.Table 7Effects of Hiltonol^®^ on various lung parameters of C57BL/6J mice and TLR-4 -/- mice infected with a lethal dose of mouse-adapted SARS-CoV.Table 7TreatmentVirus titers (Log~10~ CCID~50~/g) ± SDVisual lung scores ± SDLung weights (g) ± SDDay 3PSS in C57BL/6J mice5.06 ± 0.550.0 ± 0.00.18 ± 0.00Hiltonol^®^ (1 mg/kg/) in C57BL/6J mice2.06 ± 0.38\*\*\*0.0 ± 0.00.22 ± 0.01PSS in C57BL/6J/10ScNJ TLR-4 -/- mice5.00 ± 0.290.0 ± 0.00.20 ± 0.02Hiltonol^®^ (1 mg/kg/) in C57BL/6J/10ScNJ TLR-4 -/- mice1.81 ± 0.31\*\*\*0.0 ± 0.00.23 ± 0.21Day 6PSS in C57BL/6J mice3.44 ± 0.240.0 ± 0.00.17 ± 0.01Hiltonol^®^ (1 mg/kg/) in C57BL/6J mice2.06 ± 0.66\*\*\*0.0 ± 0.00.20 ± 0.01PSS in C57BL/6J/10ScNJ TLR-4 -/- mice2.63 ± 0.430.0 ± 0.00.17 ± 0.01Hiltonol^®^ (1 mg/kg/) in C57BL/6J/10ScNJ TLR-4 -/- mice1.50 ± 0.00\*\*\*0.0 ± 0.00.20 ± 0.01[^7]

4. Discussion {#sec4}
=============

The host innate immune response against viral insult includes the production of interferon type I (IFN-α/β), which is initiated to limit viral replication. The virus-infected cells usually cause the activation of several transcription factors, such as interferon regulatory factor 3 (IRF-3), which play a central role in downstream gene activation ([@bib49]). Once interferon is synthesized and secreted from the cells, it binds to cell surface receptors and induces transcription, which results in an anti-viral state in the target cells. Epithelial cells secrete interferon-β as an initial response to viral infection ([@bib50]). Dendritic cells are able to produce INF-α subtypes ([@bib17]). However, the production of interferon type I by SARS-CoV-infected cells is limited ([@bib13], [@bib68]) and neither endogenous interferon transcripts nor interferon promoter activity are detected ([@bib68]). This lack of interferon activity has been attributed to proteins, which antagonize interferon and block transcription factors necessary for the expression of interferon ([@bib40]). Although SARS-CoV antagonizes the production and effect of endogenous interferon, it remains susceptible to exogenous interferons ([@bib13], [@bib44]).

Interferon induction occurs mainly by an intracellular pathway: double-stranded (ds) RNA and 5'-triphosphorylated single-stranded (ss) RNA trigger a signaling chain, which activates interferon-β gene expression ([@bib30], [@bib55], [@bib76]). Retinoic-acid-inducible gene I (RIG-I) and melanoma-differentiation-associated gene 5 (MDA-5) are the main intracellular receptors of viral RNA ([@bib5], [@bib37], [@bib86]). The binding of a viral RNA to RIG-I and MDA-5 induces a signaling chain which results in the phosphorylation of the transcription factor IRF-3 ([@bib19], [@bib65]). 2′,5'-oligoadenylate synthetases (2′,5′-OAS) ([@bib67]) and the protein kinase R (PKR) ([@bib77]) have also been characterized in detail. 2′,5′-OAS catalyses the synthesis of short 2′-5′ oligoadenylates that activate the latent endoribonuclease ([@bib67]). PKR is a serine-threonine kinase that phosphorylates the alpha subunit of the eukaryotic translation initiation factor eIF2 ([@bib77]). In addition, interferon induction also does occur by an endosomal pathway in selected cells. Myeloid dendritic cells (mDCs) ([@bib17]) and plasmacytoid dendritic cells (pDCs) ([@bib15]) are the main interferon producers of the lymphatic system. Myeloid dendritic cells (mDCs) can sence dsRNA by the classic intracellular pathway ([@bib17]) and, the endosomal toll-like receptor (TLR) ([@bib3]). TLR-7/8 and TLR-3 recognize viral ssRNA and dsRNA, respectively, and activate interferon-α/β transcription via the transcription factors IRF-7, IRF-3, and NF-κB.

The pathogenesis of severe acute respiratory syndrome has not yet been fully characterized. One hypothesis is that the pathogenesis of SARS-CoV is caused by a disproportionate immune response, illustrated by elevated levels of inflammatory cytokines and chemokines, such as interferon gamma inducible protein 10 (IP-10), monocyte chemoattractant protein-1 (MCP-1), interleukin 6 (IL-6) and interleukin 8 (IL-8) ([@bib35], [@bib78]). Chemokines are involved in the recruitment of leukocytes into sites of tissue inflammation ([@bib62]). SARS-CoV has been shown *in vitro* to induce changes of cytokines and chemokines in various human and animal cells ([@bib69], [@bib85]). IL-6 is a monomor of 184 amino acids secreted by T-cells, macrophages and endothelial cells to stimulate immune response during the infection ([@bib56], [@bib63], [@bib64]). Xiao et al. speculated that dampening of the proinflammatory cytokine response in SARS-CoV infection, in particular the production of IL-6, could have a clinically beneficial effect ([@bib82]). We noticed that SARS-CoV infection increased IL-6 in mice, and high IL-6 expression corrected with mortality ([@bib16]). Levels of IL-6 dropped when BALB/c mice were treated with ribavirin, UDA (5 mg/kg/day), Ampligen^®^ or Hiltonol^®^ (1 mg/kg/day) ([@bib16], [@bib45]). IP-10 and other cytokines are released from both the apical and basolateral sides, while IL-6 is secreted through the apical surface ([@bib87]). It can be speculated that IP-10 in SARS patients might directly be produced by virus-infected cells, whereas upregulation of IL-6 is likely a secondary response due to the activation of the immune system. In addition, the TRIF pathway leads to the production of type I interferons via interferon regulatory factor 3 (IRF-3) and also cause delayed NF-κB activation via activation of TNF receptor-associated factor 6 (TRAF6) ([@bib29], [@bib61]). Imai et al. also showed that TRIF-dependent lung injury is likely to be mediated by production of interleukin 6 (IL-6), as IL-6-deficient mice were protected from injury ([@bib32]).

Toll-like receptors (TLRs), a family of evolutionarily conserved pathogen recognition receptors, are a class of proteins that play a key role in the innate immune system. The TLR family consists of 13 mammalian members. Viral protein binds to TLR-2 and TLR-4. The single stranded RNA binds to TLR-7 and TLR-8. The double stranded RNA binds to TLR-3 while viral DNA binds to TLR-9. TLR-3, TLR-7, TLR-8, and TLR-9 recognize viral nucleic acids on endosomal membrane. The binding of ligands to TLRs might trigger downstream signaling pathways that are involved in both the cytokine release during the primary induction of inflammation and secondary activation of anti-inflammatory mechanism ([@bib52]). Each TLR has its own intrinsic signaling pathway and induces specific biological responses against microorganisms, such as dendritic cell maturation, cytokine production, and the development of adaptive immunity ([@bib2], [@bib51]). TLR-4 recognizes the viral proteins, such as the fusion (F) protein from respiratory syncytial virus and the envelope protein of mouse mammary tumor virus ([@bib75]). TLR-4-mutated C3H/HeJ mice are sensitive to respiratory syncytial virus infection ([@bib51]). TLR-4 triggers the induction of proinflammatory cytokines by myeloid differentiation primary response gene 88 (MyD88) pathway, and TLR-4 also interacts with TIR-domain-containing adapter-inducing interferon-β (TRIF)-mediated signaling pathways ([@bib83]) that are involved in interferon induction ([@bib75]).

The mechanisms of action behind these encouraging results remain to be further elucidated. Hiltonol^®^ (Poly IC:LC, or polyinosinic-polycytidylic acid stabilized with polylysine and carboxymethylcellulose) is a chemically stabilized active double-stranded RNA (dsRNA) therapeutic that activates host innate and adaptive immunity by various pathways/mechanisms leading to induction of the immediate antiviral state. The immediate antiviral state is characterized by induction of a 'natural mix' of interferons, cytokines, and chemokines; activation of dsRNA-dependent host defense systems such as RIG-I, MDA-5, 2′,5′-OAS, PKR, stimulation of mDCs, of natural killer (NK) cells and others via toll-like receptors. Toll-like receptors are also implicated in lung airway injury as well as leading to beneficial responses to antigen insult. Imai et al. demonstrated that acute lung injury (ALI) is triggered by the signaling of oxidative stress through Toll-like receptor 4 ([@bib32]). Khanolkar et al. reported that C3H/HeJ mice harboring a natural mutation in the gene that encodes Toll-like receptor 4 (TLR4) that disrupts its normal function exhibited the enhanced morbidity and mortality following i.n. mouse hepatitis virus strain 1 (MHV-1) infection, indicating that TLR-4 plays an important role in respiratory CoV pathogenesis ([@bib39]). In this study, we hypothesized whether intranasal infection of TLR-4 -/- mice with mouse-adapted SARS-CoV would result in an acute respiratory disease with a higher lethality. However, the data presented is not consistent with this hypothesis.

Toll-like receptor (TLR-3) is a member of the Toll-like receptor family of pattern recognition receptors of the innate immune system ([@bib58]). TLR-3 is expressed on respiratory epithelium as well as on mDCs, especially in response to respiratory infections such as influenza. Using TLR-3-deficient mice, Gowen et al. indicate that TLR-3 plays an important role in Punta Toro virus (PTV) infection ([@bib21]). Ichinohe et al. have also demonstrated an even earlier activation of lung TLR-3 in response to nasal Hiltonol^®^ or poly-IC in mice ([@bib31]). While these host defense mechanisms are typically activated by presentation of 'foreign' dsRNA species generated by viral replication, many of them are also frequently the target of inhibition by many neoplasms and viruses, including influenza virus and SARS-CoV. Treatment with mucosally applied Hiltonol^®^ may preempt or reverse some of those viral evasive mechanisms. The apparent modulation by Hiltonol^®^ of the usual relationship between host survival and replication of SARS-CoV, as manifested by clinical protection of animals in spite of some evidence of viral replication, is also of much interest. For example, complete inhibition of viral replication might be counterproductive to the generation of longer term adaptive immunity. Thus, while some of the dsRNA dependent antiviral/antiproliferative pathways mentioned above may help control replication, the potential activation of mDCs via TLR-3 Hiltonol^®^'s can be seen as improving the efficiency of antigen presentation and may be particularly suited to generation of a Th1 cellular antiviral immunity. In fact, the TLRs have been proposed as a 'bridge' between innate and adaptive immunity. It remains to be further determined whether TLR-3 is involved in SARS-CoV infection in mice.

Hiltonol^®^ has been in extensive preclinical and experimental clinical therapeutic use, with evidence of clinical safety and potent antiviral, immune adjuvant, and antineoplastic actions, alone or combined with other agents ([@bib47]). Initial high-dose studies were quasi-empirical and driven by its induction of interferon, yet only recently have its effectiveness at lower doses and broad mechanisms of action begun to be more fully elucidated. There is an extensive early, empirical experience on the broad *in vivo* antiviral actions of Hiltonol^®^, yet these actions have not been fully exploited in the context of prophylaxis of emerging infections, pandemic containment and biodefense. Mucosal (intranasal) Hiltonol^®^ provides rapid and complete protection from respiratory viruses such as influenza virus, SARS-CoV, and RSV ([@bib24], [@bib42], [@bib80], [@bib81]). Wong et al. has demonstrated 80--100% protection lasting up to 3 weeks provided by intranasal aqueous or liposomal Hiltonol^®^ in otherwise lethal murine challenge models of influenza A and avian (H5N1) influenza viruses. Hiltonol^®^ has been shown to have efficacy against yellow fever ([@bib70]), simian hemorrhagic fever ([@bib48]), Japanese encephalitis ([@bib25]), rabies ([@bib6]) and Rift Valley fever ([@bib38]). The antiviral activity of Hiltonol^®^ is believed to be mediated by its ability to augment the production of interferon-α, -β and -γ ([@bib47]). Hiltonol^®^ also activates natural killer cells and macrophages. The antiviral efficacy of Hiltonol^®^ was previously evaluated against avian influenza virus and Hiltonol^®^ appeared to provide effective and broad-spectrum prophylaxis against avian influenza virus ([@bib79]). For our *in vivo* studies, we recommend to administer the safe dose of Hiltonol^®^ at 2.5 mg/kg/day. In a pilot trial, Salazar et al. reported that low dose Hiltonol^®^ (about 10--50 mcg/kg) was given intramuscularly two to three times weekly for up to 56 months to 38 malignant brain tumor patients ([@bib60]). Patients tolerated the regimen well, with little or no toxicity and a preserved quality of life. We conclude that the concept of long-term, broad spectrum stimulation of host defenses with non-toxic, inexpensive double-stranded ribonucleic acids, such as Hiltonol^®^ at 50 mcg/kg, might be applicable to the treatment of virus infections.

In the current study, the data suggest that nasal Hiltonol^®^ treatment of SARS-CoV infections in mice leads to a substantial long-term prophylactic and somewhat less robust therapeutic effect that protects mice against death and weight loss resulting from the infection. Host-targeted therapeutics such as Hiltonol^®^ that activate innate immunity and provide immediate broad spectrum resistance could fill the early gap in protection by allowing time for more specific vaccination strategies to take effect, and could thus become an important element of the rapid response to a bioterror attack or pandemic outbreak. Hiltonol^®^ represents a relatively new host-directed paradigm in therapeutics that seeks to activate non-specific and specific host defense systems that have been highly evolved over millions of years. Hiltonol^®^ also has the potential to be used prophylactically in those who have been potentially exposed to the SARS-CoV, but not yet showing symptoms, thus enabling clinicians to "ring" and isolate the focus case with individuals prophylactically treated and unlikely get severe disease or unlikely not get disease at all. The demonstrated clinical safety of Hiltonol^®^\'s, its immediate induction of an innate immune persistent broad spectrum antiviral state, its relatively low cost, its stability in storage and relative ease of use make it a potentially very valuable agent for containment of epidemics caused by respiratory pathogens. Because Hiltonol^®^ has broad spectrum antiviral activity, it also represents a potential therapy for MERS-CoV infection as well, since MERS-CoV is a related coronavirus causing severe respiratory infections as dose SARS-CoV.
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[^1]: \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.

[^2]: \**p* \< 0.05, \*\*\**p* \< 0.001 compared to PSS control.

[^3]: \**p* \< 0.05, \*\**p* \< 0.01 compared to PSS control.

[^4]: \*\*\**p* \< 0.001 versus PSS control.

[^5]: \*\*\**p* \< 0.001 versus PSS control.

[^6]: \*\*\**p* \< 0.001 versus PSS control.

[^7]: \*\*\**p* \< 0.001 versus PSS control.
